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TiO2 nanoparticles acquire complete crystalline anatase phase on thermal treatment of as-prepared anatase TiO2 at
450°C. Anatase-rutile mixed phase and rutile phase are achieved by annealing anatase TiO2 at 700°C and 950°C
respectively. The anatase-rutile mixed phase TiO2 has 87.8% rutile phase. This signifies that the percentage of rutile
fraction in mixed phase can be tailored by changing the annealing temperature. As-prepared anatase TiO2 with a
crystallite size of 5 nm has a positive strain (η) of 0.0345, which is due to the presence of oxygen defects on the
surface and on the grain boundary. Removal of defects releases the strain and relaxes the lattice to its normal state,
and thus, a negative strain η of (−) 0.0006 is observed in complete rutile phase. The interface between nearest
anatase crystallites and between anatase and rutile crystallites contains oxygen vacancies that act as nucleation site
for the growth of rutile nuclei. These oxygen defects are responsible for the broadening of the Raman Eg peak of
anatase and for the shortening of the phonon lifetime in a 5-nm-sized anatase nanocrystallite. Removal of defects
decreases the Raman peak width and increases the phonon lifetime in a larger rutile crystallite. The long lifetime of
phonon in a larger rutile crystallite is due to temperature-dependent anharmonic phonon coupling.
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Interest in titanium dioxide has been growing because
of its wide range of applications in photocatalysis, solar
cells, fuel cells, chemical sensors, and glass coating
materials for self-cleaning [1-6]. TiO2 exists in the form
of three polymorphs: anatase, rutile, and brookite [7].
Out of the three phases, anatase and rutile are known to
be the most important and studied polymorphs [8].
Anatase is mainly stable at low temperature, while the
rutile phase is stable at high temperature [9]. Since the
surface Gibbs free energy of anatase phase is lower than
that of rutile phase, TiO2 initially prefers to nucleate
into anatase phase rather than into rutile [10]. Due to
the different bonding arrangement and structure of the
anatase and rutile phases, their applications also differ,
e.g., anatase is mainly used in photocatalysis due to its* Correspondence: biswajit@tezu.ernet.in
Department of Physics, Tezpur University, Napaam 784028, Assam, India
© Choudhury and Choudhury; licensee S
Commons Attribution License (http://creativeco
reproduction in any medium, provided the orig
2013high photoreactivity and rutile is used as pigments due
to its effective light scattering [11]. Although rutile
phase has less photocatalytic activity than anatase, the
mixed phase of anatase and rutile is known to exhibit
enhanced photoactivity [10,12]. Anatase-to-rutile phase
transformation is governed by the annealing temperature,
compactness of the anatase nanocrystallites, and grain
boundary defects [9,11]. Particle arrangement and packing
also influence the thermal stability and phase transform-
ation behavior of TiO2 nanoparticles [13]. Zhang et al.
[14] proposed that anatase-to-rutile phase transformation
is a temperature-dependent process. Penn et al. [15] ex-
amined the formation of rutile nuclei on the twin inter-
faces of anatase particles. Gouma and Mills [16] observed
the formation of rutile particles at the expenses of the
neighboring anatase particles. Rath et al. [17] studied the
role of oxygen defects in the anatase-to-rutile phase trans-
formation of TiO2. Some groups studied the effect of
initial crystallite size on the phase transformation ofpringer. This is an open access article distributed under the terms of the Creative
mmons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
inal work is properly cited.
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clearly distinguish the anatase and rutile phases as both
of the phases give different diffraction patterns and Raman
peaks [17,19,20].
In this article, a careful study is carried out on the
role of various factors that change the structure of
TiO2 and initiate the anatase-to-rutile phase trans-
formation. Temperature, crystallite size, and defects
induced changes in the local structure, and phase con-
version is studied with X-ray diffraction and Raman
spectroscopy. Anatase nanocrystallites having small
size and high concentration of defects easily undergo
phase transformation to rutile. The relation of defects
with the Raman line broadening and phonon lifetime is
studied, and it is observed that structural defects limit
the phonon lifetime in the small anatase nanocrystallites,
whereas temperature-dependent anharmonic effect in-
creases phonon lifetime in larger rutile crystallites.
Methods
A sol–gel procedure was adopted to synthesize TiO2
nanoparticles. Titanium isopropoxide of 7 ml was added
to a 100-ml conical flask containing 15 ml of 2-propanol.
The solution was stirred for 15 min to get a homogenous
solution. After 15 min of stirring, few drops of water
were added. Addition of water initiated the ionization of
the isopropoxide chain, and the solution adopted a
whitish color. Stirring was continued until the solution
transformed to a gel. The gel was left for aging for 10 to
12 h. After this aging time, 10 ml of ethanol was added to
the titania gel and then sonicated for 10 min to break the
gel. The sonicated titania was centrifuged in water and
ethanol for 3 to 4 times. The resulting product was kept in
an oven at 80°C to get amorphous titania. The amorphous
titania was heat treated at 200°C for 3 h to increase the
crystallinity. This sample was labeled as Ti200. Ti200 was
separated into four parts. One part remained as Ti200,
while the other three parts were annealed for 3 h at 450°C
(Ti450), 700°C (Ti700), and 950°C (Ti950), respectively.
X-ray diffraction pattern of the prepared samples were
studied with a Rigaku Miniflex X-ray diffractometer
(Rigaku Corporation, Tokyo, Japan) equipped with intense
Cu Kα radiation (λ = 0.154 nm). The scanning rate was
1°/min and the step size was 0.05°. Transmission electron
microscope (TEM) images were taken with a JEOL
JEM 2100 transmission electron microscope (JEOL
Ltd., Tokyo, Japan), operating at an accelerating volt-
age of 200 kV. The bonding interaction in the TiO2
nanoparticles was studied with Nicolet Fourier trans-
form infrared spectroscopy (FTIR; Thermo Scientific,
Madison, WI, USA). Room-temperature Raman spectra
were taken using a Renishaw inVia Raman spectrometer
(Renishaw, Wotton-under-Edge, UK) at a spectral reso-
lution of 0.3 cm−1.Results and discussion
X-ray diffraction study
Figure 1a represents the X-ray diffraction (XRD) pattern
of the entire TiO2 systems. Diffraction patterns of Ti200
and Ti450 correspond to the tetragonal anatase phase
of TiO2 with space group I41/amd (JCPDS 78–2486).
Ti950 adopts complete a rutile phase with space group
P42/mnm (JCPDS 21–1276). However, an anatase-rutile
mixed phase is found in Ti700. The percentages of
rutile (WR) in Ti700 and Ti950 are calculated using
Equation 1 [11]:
WR¼ IR0:884 IAþIR ð1Þ
where IA and IR are the diffraction peak intensities of
anatase (101) and rutile (110) peaks. Gaussian fitting of
these peaks gives the magnitudes of IR and IA. The
values of IA and IR are inserted in the above equation.
The resultant WR values are 87.8% and 98% in Ti700
and Ti950, respectively.
Crystallite size of the samples is calculated using
Scherrer's equation, d = 0.9λ/βcosθ, where d is the crys-
tallite size, β is the full width at half maximum (FWHM),
λ is the wavelength of X-ray radiation, and θ is the dif-
fraction angle. Table 1 shows the variation of crystallite
size for samples annealed at different temperatures. As
evident from Figure 1a and from Table 1, the diffraction
peaks of Ti200 are broad and correspond to the anatase
phase of TiO2 having a crystallite size of 5 nm. The
broad diffraction peaks arise, owing to the presence of a
high fraction of atoms on the amorphous grain boundary
containing defects. The defects in this region produce a
strain and prevent growth of the nanocrystallite. Complete
grain growth to anatase occurs when Ti200 is annealed at
450°C with simultaneous enhancement in the crystallinity
in the material. No phase conversion to rutile is observed
at this temperature. Anatase-rutile mixed phase is seen by
annealing Ti200 at 700°C. At this temperature, the defects
at the interface boundary are removed and a major frac-
tion of anatase is converted to rutile, resulting in 87.8%
rutile phase in the mixed phase Ti700. Annealing in air at
950°C removes grain boundary defects and increases
the grain size with a majority of 98% rutile phase.
Therefore, it is observed that annealing temperature is
one factor that facilitates anatase-to-rutile phase trans-
formation. Presence of 87.8% rutile phase in Ti700 indi-
cates that phase conversion has started at a temperature
lower than 700°C. Therefore, the desired fraction of ru-
tile phase can be obtained by changing the annealing
temperature of anatase TiO2. It is mentioned that de-
fects present on the grain boundary produce lattice
strain and prevent grain growth, and therefore, to con-
firm this statement, the lattice strain is determined for
Figure 1 X-ray diffraction patterns and Williamson-Hall plot. (a) XRD patterns of Ti200, Ti450, Ti700, and Ti950 samples. (b-e) Williamson-Hall
(W-H) plot to determine lattice strain in each of the samples.
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In Equation 2, λ is the wavelength of X-ray radiation
and β and θ are the FWHM and diffraction angle of the
first four intense diffraction peaks of anatase, anatase-
rutile mixed, and rutile phases. D is the effective crystal-
lite size considering lattice strain, and η is the effective
value of lattice strain. βcosθ/λ is plotted against sinθ/λ,
and after linear fitting, the intercept gives the value of D
and the slope gives the value of η. Figure 1b,c,d,e illus-
trates the W-H plot of all the TiO2 samples. The magni-
tude of lattice strain of each sample is inserted in
Table 1. As evident from Table 1, Ti200 exhibits the
highest lattice strain, whereas Ti950 has the lowest. The
high lattice strain in Ti200 is due to the presence of an
excess number of atoms and defects on the amorphous
grain boundary. These defects and excess atoms pro-
duce a stress field in this region and impose a strain inTable 1 Crystallite size, lattice strain, Raman Eg peak















Ti200 200 5 0.0345 29.7 0.178
Ti450 450 8 0.0290 21.8 0.243
Ti700 700 18 0.0183 19.2 0.276
Ti950 950 23 −0.0006 18.1 0.293the system [22]. Positive strain indicates that the system
is under tensile strain. The crystallite size increases and
the defects are gradually removed when Ti200 is
subjected to heat treatment at 450°C, 700°C, and 950°C,
respectively. Removal of grain boundary defects and
increase of crystallite size reduce the stress field in this
region, resulting in the release of lattice strain [22,23].
Therefore, annealing temperature is one factor that
initiates the phase transformation from anatase to rutile
[24-26]. Apart from annealing temperature, the other
factors which initiate the anatase-to-rutile phase con-
version are crystallite size and defects. Shah and his
groups reported that anatase TiO2 with small crystallite
size needs less activation energy for undergoing phase
conversion to rutile [11]. Now, whether the phase
conversion occurs by surface or interface nucleation de-
pends on the packing density of the nanoparticles [13].
Small nanoparticles have a large number of particle-
particle contacts per unit volume, and therefore, inter-
face nucleation is more feasible than surface nucleation
[27]. Because of the presence of a large number of
nucleation sites, these small anatase nanocrystallites
cross low potential barrier for undergoing conversion to
rutile [27]. As the size of Ti200 is small (4 nm), this
nanocrystallite can easily change to rutile by undergoing
interface nucleation. Since phase transformation is sup-
posed to take place at the interfaces of the neighboring
anatase nanocrystallites, increase in the distance among
them decreases the phase transformation rate [28].
The other factor which facilitates the anatase-to-rutile
phase conversion is oxygen defects [17,29]. Lee et al.
stated that rutile nucleation is most prominent at the
amorphous interfaces of neighboring anatase where the
Figure 2 Schematic diagram representing temperature-induced
grain growth of TiO2. (a) Agglomerated Ti200 nanocrystallites.
(b) Thermal treatment at 450°C removes the grain boundary of the
closely associated smaller nanocrystallites. (c) Migration of atoms
from the interface of smaller nanocrystallites to larger crystallites at
700°C and grain growth. (d) Removal of grain boundary defects,
grain growth, and phase transformation to larger rutile
nanocrystallites (on 950°C annealing).
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Ti200 possesses the highest lattice strain and it is stated
that oxygen defects on the grain boundary is the reason
for this strain. Since the crystallite size of Ti200 is small,
these oxygen defects are closely packed and they interact
with each other, creating a nucleation site for the forma-
tion of rutile nuclei. Some of these oxygen vacancies are
removed by air annealing of Ti200 and 450°C, since the
system attains complete anatase phase. Although crystal-
lite defects are somehow removed in Ti450, these
defects are again generated at the interface between ana-
tase and rutile when anatase is slowly transforming to
rutile at 700°C. Although anatase and rutile have the
same basic TiO6 octahedra, the arrangement of atoms in
this basic unit changes when anatase transforms to rutile
[30]. During the process of the phase conversion from
anatase to rutile, the TiO6 octahedra undergo distortion
on heat treatment, and then finally, breaking and
reforming of new Ti-O bonds take place at the interface
and at the grain interior [29]. Lattice distortion and
breaking of Ti-O bonds at 700°C result in the removal of
oxygen ions and creation of defects along with reforma-
tion of new Ti-O bonds in the rutile phase. Therefore,
defects, particularly oxygen vacancies, may serve as a
nucleation site to facilitate the formation of rutile phase
[17,29]. Entire defects undergo interface nucleation
process for the formation of rutile phase, and finally, at
950°C, the Ti-O bonds are fully reconstructed and the
Ti950 becomes nearly free of crystalline defects.
Temperature-dependent grain growth and anatase-to-
rutile phase conversion of TiO2 involve creation of inter-
face defects, atomic migration from the interface to
grain interior, and then finally reconstruction of a new
crystalline phase and removal of defects. Annealing,
however, may not heat up the entire Ti200 grains
equally. Those grains which absorb maximum heat will
grow in size at a faster rate than those which absorbs
less heat energy. In this process, some grains will grow
in size at the expense of some shrinking grains which
absorbs less thermal energy. Thermal treatment ruptures
the interface boundary between as-grown grains and
shrinking grains and results in the detachment of the
atoms from the interface boundary. The detached atoms
undergo migration from the interface of the shrinking
grain and form new bonds with the growing grain [31].
The microscopic driving force involved in the growth of










where ΔGSd and ΔG
G
d are the driving force for shrinking
of grain and for the growth of grain, ra is the radius ofshrinking grain (a) and rb is that of growing (b) grain, re-
spectively, and γg is the energy of the grain boundary.
Since Ti200 has high concentration of defects on the
grain boundary, these defects produce some steps or
kinks to which the atoms from the shrinking grain can
easily jump. This process lowers the energy for the mi-
gration of atoms from the shrinking grain to the growing
grain. A schematic representation of the formation of
larger rutile particles from the starting anatase particles
is shown in Figure 2.
TEM analysis
Figure 3a,b shows the TEM images of Ti200 and Ti450,
respectively. As shown in Figure 3a,b, the particles are
agglomerated. Statistical analyses of the micrographs de-
pict the average size of the nanoparticles. Ti200 has an
average size of 5 nm. The particle size increases to 7 nm
in Ti450. The interfaces of the closely associated anatase
nanoparticles act as nucleation sites for undergoing
phase transformation to rutile. Heat treatment of Ti200
at 700°C results in the growth of the nanoparticles.
However, as it is seen in Ti700, some small-sized parti-
cles are also present along with large rutile TiO2 particles
(Figure 3c). Ti950 has rutile phase with particles having a
large diameter (Figure 3d). The average particle size be-
comes 30 nm in Ti700 and 40 nm in Ti950. Ti700 also
contains some average 10-nm-sized nanoparticles. Penn
Figure 3 TEM images of (a) Ti200, (b) Ti450, (c) Ti700, and (d)
Ti700, respectively. Ti200 has an average size of 5 nm, while Ti450 has
the size of 7 nm. Ti700 and Ti950 have particle sizes of 30 and 40 nm.
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phase transformation suggested that anatase-to-rutile phase
conversion occurs at the twin boundaries of the interface
of the adjacent anatase nuclei. Kim et al. [32] reported that
the distorted region at the interfaces of the neighboring
anatase nuclei may act as nucleation site for phase trans-
formation. There is a difference in the sizes determined by
TEM and XRD, particularly in the case of Ti700 and
Ti950. The size determined by XRD is the size of the
coherently scattering domain coming from single crystals
of parallel lattice planes [33,34].
The diffraction pattern gives an average size of the entire
nanoparticles present within the sample, while TEM gives
particle size distribution and represents direct visualization
of the different types of nanoparticles present [32-34]. The
magnitude of crystallite and particle sizes matches with
each other, only when the particles are monodispersed, sin-
gle crystals, and hard spheres. Disagreement with theseconditions results in the deviation of the sizes, measured by
the two techniques [34].
FTIR study
Figure 4 shows the FTIR curves of Ti200, Ti450, Ti700,
and Ti950. Each curve exhibits a peak at approximately
1,630 cm−1 whose intensity decreases with annealing
temperature. This peak is mainly attributed to the H-O-H
bending vibration of physisorbed water [35]. Nanoparticles
with high specific surface area can adsorb many molecules
of water on the specific active sites on the surface and can
form Ti4+-OH2 on the surface [36]. Adsorption of these
water molecules evolves considerable heat and helps in
the transition of TiO2 from anatase to rutile [36,37].
The adsorbed water lowers the temperature for anatase-
to-rutile phase transition [37]. As the sample is annealed
at 450°C, 700°C, and 950°C, the H-O-H bonds, attached to
Ti4+, are broken up and the negatively charged O2− takes
part in the formation of new bonds with the Ti4+ ions.
Ding et al. [10] studied that the rutile content increases
with the water concentration and that these water mole-
cules at the surface and in the interface help in the aggre-
gation of the nanoparticles. As annealing temperature
increases, the water molecules at the interface and on
the surface, attached to Ti4+, are dissociated, forming
new Ti-O bonds at the interface. Jose et al. [36] have
studied that the heat evolved during adsorption of water
on activated TiO2 surfaces and during annealing can help
in the formation of aggregated TiO2 particles and forma-
tion of new Ti-O bonds. In Ti200, the small crystallite size
with large surface-to-volume ratio can hold many water
molecules. These molecules help in the formation of rutile
nuclei. Increase in annealing temperature results in the in-
crease in crystallite size, thereby decreasing the surface
area for adsorption of water. That is why the intensity of
the water band is decreasing with thermal treatment.
Raman spectroscopy study
Raman spectra of the entire TiO2 samples are shown in
Figure 5a. Anatase TiO2 has six Raman-active modes
and three infrared (IR)-active modes. The optical pho-
non mode at the Γ-point of the Brilliouin zone (BZ) is
presented by [38]
Γ ¼ A1g Rð Þ þ 2B1g Rð Þ þ 3Eg Rð Þ þ B2u IRð Þ
þ A2u IRð Þ þ 2Eu IRð Þ: ð4Þ
For rutile TiO2, factor group analysis gives four
Raman-active modes at k = 0 in BZ [39].
Γ ¼ A1g Rð Þ þ A2g þ A2u IRð Þ þ B1g Rð Þ þ B2g Rð Þ
þ 2B1u þ Eg Rð Þ þ 3Eu IRð Þ ð5Þ
The four vibrations (A1g + B1g + B2g + Eg) are Raman
active and the rest are IR active.
Figure 4 FTIR spectra of (a) Ti200, (b) Ti450, (c) Ti700, and (d) Ti950.
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to the anatase phase of TiO2. In these samples, an
intense Eg peak appears at 144 cm
−1, followed by low
intense B1g (A1g + B1g) and Eg peaks at 410 cm
-1, 520
cm−1, and at 640 cm−1, respectively [19,28]. In the case
of Ti700, the Eg peak of anatase remains at 144 cm
−1,
while rutile peaks appear at 240, 450, and 620 cm−1, re-
spectively [40,41]. The Raman peak at 240 cm−1 is the
compound vibration peak due to the multiple phonon
scattering process [41]. In Ti950, the intensity of 144 cm−1
is decreased and Raman peaks analogous to rutile TiO2
predominates [39-41]. Lattice strain, defects, and
crystallite size have a profound effect in the shifting,
peak broadening, and on the intensity of the Raman
peaks [42,43].
For pure crystal, the phonon contribution comes from
the center of the Brilliouin zone, at q = 0 [20,41,42].
However, for small nanocrystallites, the phonon dispersionFigure 5 Raman spectra and red shifting. (a) Room-temperature Raman
figure shows the Raman peak of Ti200 and Ti450 in the 380- to 800-cm−1 r
that of Ti200.takes on phonon contribution from the entire Brilliouin
zone [43,44]. The breaking of the phonon selection rule
influences the Raman line shape, position, etc. [44]. Posi-
tive phonon dispersion from the zone center will lead to
asymmetric broadening, blueshift, and reduction in the in-
tensity of the Raman peak [42]. The intensity of first-order
Raman scattering for nanocrystals of diameter d is
I ω;dð Þ ¼ ∫
BZ
c q;dð Þj j2
ω‐ω qð Þ½ 2 þ Γ02
 2 d3q ð6Þ
where c (q,d) is the Fourier transformation of the
confinement function, ω(q) is the phonon dispersion
curves, and Γ0 is the natural line width [42]. The size of
the nanocrystals and presence of defects have a profound
effect on the Raman peak position, line width, etc. To
study the effect of size, defects, and temperature on the
position and width of the Raman peak, the Eg Raman peakspectra of Ti200, Ti450, Ti700, and Ti950 samples. The right side of this
ange. (b) Red shifting of the Eg peak of Ti450 and Ti700 compared to
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Ti450, Ti700, and Ti950, respectively. The intensity of this
mode increases as the temperature increases, and the ana-
tase undergoes phase transformation to rutile. Low intense
Eg mode at 144 cm
−1 is also present in Ti950. This indi-
cates that Ti950 contains a small percentage of anatase
phase also. The Eg mode of each sample is Lorentzian fit-
ted with a correctness of r2 = 0.9985. The line width of the
Eg Raman peak is inserted in Table 1.
Oxygen defects also affect the Raman line shape and
position [43-45]. The positions of the Eg peak of Ti450
and Ti700 are shifted to a lower wave number compared
to that of Ti200 (Figure 5b). The Eg peak of bulk anatase
appears at 144 cm−1 [29]. In Ti200, both phonon con-
finement and oxygen defects result in the broadening
and shifting of the Eg line to a higher wave number.
Temperature treatment, however, decreases the defects,
increases the crystallite size, and gradually shifts the Eg
peak from 151 cm−1 (in Ti200) to 144 cm−1 (in Ti950).
In Raman modes, mostly oxygen atoms move during
vibration [39]. Since temperature treatment changes
the local coordination of oxygen surrounding Ti4+,
conversion of anatase to rutile results in the rearrange-
ment of TiO6 octahedra and shifting in the position of
Raman-active peaks. Table 1 shows that the line width
of the Raman Eg peak is decreasing with annealing
temperature. Three phonon processes contribute to
the broadening of the Eg mode [46]. As explained, the
width of the Raman peak is influenced by strain, oxy-
gen vacancies, temperature, size, etc. The temperature-
dependent Raman line width is represented by the
equation [44]
Γ Tð Þ ¼ Γ1 þ ΔΓ Tð Þ: ð7Þ
The first term in Equation 7 is due to other types of
broadening such as instrumental broadening, defects,
phonon confinement, etc. ΔΓ (T) is from three-phonon
coupling decay or temperature-dependent intrinsic line
width of the first-order phonon. In Ti200, the structural
defects are considerably high along with strong phonon
confinement due to the small size of the nanocrystallite.
In Ti450, the structural defects are slightly removed. The
line broadening in Ti200 and Ti450 is due to the presence
of structural defects. The temperature-dependent anhar-
monic term is not prominent here. In Ti700, the crystallite
size increases along with reduction in the amount of
structural defects. In Ti950, anatase is transformed to
rutile. At this temperature, most of the structural de-
fects are removed and the crystallite size and Raman
peak position approaches to that of bulk TiO2. The pos-
ition of the Eg Raman peak of Ti950 is similar to that of
bulk TiO2. In this sample, the anharmonic coupling
term is more prominent and the first term becomeszero [44]. The phonon lifetime is calculated considering
peak broadening of the Eg peak of each sample. The
energy-time uncertainty relation for the determination
of phonon lifetime is ΔE/ћ = 1/τ = 2πcΓ, where ΔE is
the uncertainty in the energy of phonon mode, ћ is the
reduced plank constant, Γ is the FWHM of the Raman
peak, and τ is the phonon lifetime [41,46]. The calcu-
lated phonon lifetime of each sample is inserted in
Table 1. The phonon lifetime decreases as the sample
transforms from anatase to rutile. The phonon lifetime
is shorter in Ti200 and Ti450 due to phonon confine-
ment in the small nanocrystallite [46]. Since the amount
of defects in Ti200 is very high, the confined phonon may
undergo elastic and inelastic scattering process with crys-
tal defects limiting the phonon lifetime. As temperature
increases and the crystal size increases, the phonon dens-
ity increases, and the temperature-dependent anharmonic
phonon coupling increases. This finally increases the
decay time or the lifetime of the phonons [46]. Therefore,
in larger crystals of Ti950, the phonon decays with a
longer lifetime. Mali et al. [41] also observed an increase
in phonon lifetime with the decrease of Raman line width
in rutile TiO2 particles. They observed that the as-grain
size increases the FWHM of the Raman A1g peak and that
the Eg peak decreases with the simultaneous increase in
phonon lifetime.
Anatase is known to be an efficient material for photo-
catalysis, and in recent days, anatase-rutile mixed phase has
drawn attention for heterogeneous photocatalysis. Presence
of defects at the interface between anatase and rutile is one
of the reasons for the enhanced photocatalytic activity of
mixed phase TiO2 [47]. From the above discussion on the
phase transformation from anatase to rutile, it is inferred
that the interface defects are mostly oxygen vacancies and
that these defects not only trap the photoexcited electrons
but also make these carriers available for taking part in
photocatalysis. Moreover, the band alignment in the
anatase-rutile mixed phase also enhances the photocatalytic
activity. Anatase has a band gap of 3.2 eV, whereas the band
gap of rutile is 3.0 eV; thus, the carriers can move from the
conduction band of anatase to the conduction band of ru-
tile [30]. Lei et al. stated that anatase-rutile mixed phase
with 60% anatase can show better photocatalytic activity
than individual anatase or rutile TiO2 [48]. Although photo-
catalytic activity is not studied in the work, it can be sug-
gested that by changing the annealing temperature, the
desired anatase-rutile mixed phase composition can be
obtained in which the material is expected to show good
photocatalytic activity.
Conclusions
In conclusion, crystallite size, oxygen defects, temperature,
etc. initiate the nucleation and growth of rutile from
initially grown anatase TiO2 nuclei. Initially grown small
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of the attached anatase nuclei. These defects initiate the
growth of rutile TiO2. Phase transformation rearranges
the bonding arrangement and introduces many defects in
the anatase-rutile mixed phase TiO2. X-ray diffraction,
transmission electron microscopy, FTIR, and Raman spec-
troscopy clearly distinguish the basic structure of anatase
and rutile, their sizes, the adsorbed species on the surface,
and presence of defects. It is observed that anatase-rutile
mixed phase with 87% rutile content has very high con-
centration of defects at the interface. These defects act as
a nucleation site for the growth of rutile particles at 950°C.
Therefore, the defect content at the interface in the mixed
phase can be tailored by changing the annealing
temperature. There is an inverse relationship between the
Raman line width and phonon lifetime. Ti200 has a broad
Raman line width and a short phonon lifetime, owing to
the presence of defects. However, with the decrease of
oxygen defects and with the increase of annealing
temperature and crystallite size, the Raman line width
decreases and phonon lifetime increases.
Nomenclature
Η strain
β full width at half maximum
λ wavelength of X-ray radiation
θ diffraction angle
Γ (T) line width of Raman peak at a particular temperature
τ phonon lifetime.
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